Wnts are secreted signaling molecules implicated in a large number of developmental processes. Frizzled proteins have been identi®ed as likely receptors for Wnt ligands in vertebrates and invertebrates. To assess the endogenous role of frizzled proteins during the development of Xenopus laevis, we have identi®ed several frizzled homologs. Here we report the cloning and expression of Xenopus frizzled-2 (xfz2). Xfz2 shows high sequence homology to rat and human frizzleds-2. It is expressed in the developing embryo from late gastrula stages onward. Xfz2 has a wide domain of expression but is concentrated in the eye anlage, otic vesicle, and developing somites. q
Results
Wnts were discovered as oncogenes that lead to mouse mammary tumors when activated by viral integration (Nusse and Varmus, 1982) . At least ®fteen different Wnt genes that play multiple roles in cell proliferation and differentiation in adult and embryonic tissues are known in vertebrates (reviewed in Cadigan and Nusse, 1997) .
Frizzled proteins have recently been identi®ed as candidate Wnt receptors (Bhanot et al., 1996) . Frizzleds mediate binding of Wnts to the cell surface (Bhanot et al., 1996; Yang-Snyder et al., 1996) and confer Wingless dependent stabilization of Armadillo in S2 cells (Bhanot et al., 1996) . Several mammalian frizzled homologs differ in their ability to recruit wingless to the cell surface and stabilize armadillo (Bhanot et al., 1996) . In Xenopus, vertebrate frizzleds have been shown to induce expression of Wnt-responsive genes (Yang-Snyder et al., 1996; Deardorff et al., 1998) and mediate axis induction by Xwnt-5A, which cannot induce secondary axes alone (He et al., 1997) .
To investigate roles for frizzleds in vertebrate development, we sought to identify frizzleds expressed during early Xenopus laevis development. One of the frizzled homologs that we identi®ed encoded a Xenopus homolog of rat frizzled-2 (Chan et al., 1992) . The predicted sequence of Xenopus frizzled-2 (xfz2) encodes a 551 amino acid protein beginning with the ®rst large open reading frame and is depicted in Fig. 1 . As illustrated, xfz2 contains a signal sequence, a cysteine-rich domain (CRD), containing ten highly conserved cysteines, a non-conserved linker region, seven hydrophobic domains and a potential PDZ binding site, all motifs identi®ed in other frizzleds (Vinson et al., 1989; Wang et al., 1996) . At the amino acid level, xfz2 is highly similar to hfz2 (Zhao et al., 1995) and rfz2 (Chan et al., 1992) while Drosophila frizzled (Adler et al., 1990 ) is more divergent (89, 88 and 45% identity, respectively.
As few early developmental expression patterns have been reported for vertebrate frizzleds and none have been reported for frizzled-2 homologs, we performed such analysis with xfz2. To determine the temporal expression pattern of xfz2, we performed RT-PCR analysis of oocytes and embryos covering a wide developmental range. While there is minimal expression in oocytes and embryos prior to mid-blastula transition, xfz2 is readily detected from gastrula (stage 10) through tadpole (stage 40) development (Fig. 2) .
To analyze the spatial expression pattern of xfz2 we performed in situ hybridization analysis on Xenopus embryos from various stages (Figs. 3 and 4) . Whole mount analysis indicates localized expression in late gastru- (99)00161-6 www.elsevier.com/locate/modo lae ( Fig. 3A ) in the presomitic tissue. As development progresses into neurula stages (Fig 3A,F) , this somitic staining becomes broader and expression becomes apparent in developing neural structures and other anterior structures, with particularly high levels in the eye anlage (Fig. 3F) . By late neurula, the posterior staining becomes condensed into two stripes on each side (Fig. 3C) . At the same time, the staining in the anterior tissues remains high in the developing eye, but is noticeably absent from the cement gland (Fig.  3G ). During tailbud stages (Fig. 3D,H ) expression continues to be high in the eye vesicle, otic vesicle, and other anterior regions as well as the developing somites, particularly in the presomitic mesoderm. In the tadpole (Fig. 3E,I ), xfz2 expression remains high in the head, eye and otic vesicle and is additionally localized to the branchial arches and the midportion of the somites (Fig. 3I) .
To localize the expression of xfz2 more precisely, we sectioned tailbud stage embryos previously stained by whole mount in situ (Fig. 4) . This stage was chosen because xfz2-expressing tissues are well represented at this stage. In anterior sections (Fig. 4A±C) , high expression of xfz2 is observed in the eye vesicle, the head mesenchyme, the stomatodeal anlage and the otic vesicle. Expression is weaker but clearly present in the neural structures (fore- Fig. 1 . Sequence and structure of Xenopus frizzled-2 (xfz2). Deduced amino acid sequences from xfz2, human frizzled-2 (hfz2), rat frizzled-2 (rfz2) and Drosophila frizzled (dfz1) were aligned using MacVector 6.0 ClustaiW alignment. Identical amino acids are in black boxes and similar amino acids are shaded. Signal sequences are boxed, ten highly conserved cysteines of the putative extracellular ligand-binding domain are indicated by asterisks (*), transmembrane regions are underlined by black bars and putative PDZ binding sites are indicated by an arrowhead. Xfz2 sequence has been deposited into the GenBank database under accession number AF139165.
brain, midbrain and hindbrain). It is noticeably absent from the cement gland, notocord and endodermal structures. In posterior structures, xfz2 is expressed in the spinal cord and strongly in the developing somites. As seen in Fig. 4E , the staining is particularly strong in the somite. Thus, the data from sections closely parallels that obtained from whole mount in situs.
In summary, we describe the cloning and expression of Xenopus frizzled-2, a member of the frizzled family of putative wnt receptors with high homology to rat and human frizzleds-2. It is expressed from late gastrulation onward and is expressed highly in the head, eye anlage, otic vesicle and the developing somites.
Experimental procedures

Isolation of xfz2
An 0.8 kb fragment containing the 3' end of the putative coding sequence of xfz8 (Deardorff et al., 1998 ) was used to screen at low stringency a stage 30 Xenopus head cDNA l ZAP library (Hemmati-Brivanlou and Harland, 1989) . Two full-length xfz2 clones were isolated, and the longer sequenced on both strands utilizing an ABI 373 automated sequencer. Alignment of the deduced amino acid sequence to human frizzled-2, rat frizzled-2 and Drosophila frizzled were performed using the ClustalW alignment of MacVector 6.0 (Oxford Molecular Group).
Embryo manipulation, in situ hybridization and histology
Fertilization and embryo culture were performed as described (Newport and Kirschner, 1982) . Staging was according to Nieuwkoop and Faber (1967) , histology comparisons were made using Mathews and Schoenwolf (1998) . Whole mount in situ hybridization was performed with modi®cations as described (Deardorff et al., 1998) . For histology, embryos were ®xed for 2 h in MEMFA (Harland et al., 1991) , dehydrated through an ethanol-xylene series, embedded in Paraplast and cut in 15 mm sections on a rotary microtome. Sections were counterstained with a brief staining in eosin.
RT-PCR
RT-PCR was performed essentially as described (Wilson Fig. 2 . Temporal analysis of xfz2 expression. RT-PCR analysis of xfz2 expression from early oocyte stages through tadpole stages indicates that xfz2 is expressed from gastrula stages onward. Roman numerals indicate oocyte stages. Arabic numerals indicate embryo stages. RT no reverse transcriptase negative control. and Melton, 1994) . FGFR1 is used as a loading control as its mRNA expression levels change little throughout oocyte and embryonic development (Musci et al., 1990) . Primers were designed to detect FGFR1 (upstream AGTGCATC-CACAGAGACC and downstream ACTCAGAGCAA-GAATTCGG; 25 cycles) and xfz2 (upstream TCTCTT-CAGGATCAGAACC and downstream ATGTTTGCT-GTTGGTGAGC; 25 cycles). Fig. 4 . After visualization of whole mount in situ hybridization, embryos were sectioned. Shown is a tailbud stage (stage 25) embryo. Panel (G) indicates the plane of section for panels (A±F). Abreviations: ep epidermis, ev eye vesicle, hm head mesenchyme, sa stomatodeal anlage, mb midbrain, fg foregut, cg cement gland, n notocord, hb hindbrain, ov otic vesicle, so somite, sc spinal cord. Note that the staining at the bottom of (E) is continuous with other somitic staining as demonstrated in (F) and represents posterior somitic expression of xfz2.
